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Near-infrared remote sensing data of Mars have revealed thousands of ancient deposits of Fe/Mg-rich 
smectitic clay minerals within the crust with relevance to past habitability. Diagnostic metal–OH infrared 
spectroscopic absorptions used to interpret the mineralogy of these phyllosilicates occur at wavelengths 
of 2.27–2.32 μm, indicating variable Fe/Mg ratios in the clay structures. The objective of this work 
is to use these near infrared absorptions to constrain the mineralogy of smectites on Mars. Using 
Fe/Mg-rich seaﬂoor clay minerals as mineralogical and spectroscopic analogs for Martian clay minerals, 
we show how crystal–chemical substitution and mixed layering affect the position of the diagnostic 
metal–OH spectral feature in smectitic clay minerals. Crystal-chemistry of smectites detected on Mars 
were quantitatively constrained with infrared data and categorized into four mineralogical groups. 
Possible alteration processes are constrained by comparisons of clay chemistry detected by remote 
sensing techniques to the chemistry of candidate protoliths. Of the four groups identiﬁed, three of them 
indicate signiﬁcant segregation of Fe from Mg, suggestive of alteration under water-rich and/or oxidizing 
conditions on Mars. The fourth group (with low Fe/Mg ratios) may result from alteration in reducing or 
water-limited conditions, potentially in subsurface environments. Some samples are interstratiﬁed di–
trioctahedral clay minerals that have characteristics of dioctahedral clay minerals but clear chemical 
evidence for trioctahedral sheets. Approximately 70% of smectite deposits previously detected on Mars 
are classiﬁed as Fe-rich (FeO/MgO > 10). Only 22% of detections are trioctahedral and relatively Mg-rich. 
An additional ∼8% are diﬃcult to characterize, but might be very Fe-rich. The segregation of Fe from Mg 
in Martian clay minerals suggests that Mg should be enriched in other contemporaneous deposits such 
as chlorides and carbonates.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Near-infrared remote sensing data of Mars collected by two in-
struments, OMEGA (Observatoire pour la Minéralogie, l’Eau, les Glaces 
et l’Activité) and CRISM (Compact Reconnaissance Imaging Spec-
trometer for Mars), have revealed thousands of detections of an-
cient Fe/Mg-rich smectite clay minerals (in addition to other clay 
minerals) within the Martian crust (Poulet et al., 2005; Murchie et 
al., 2009; Ehlmann et al., 2011; Carter et al., 2013). These materi-
als likely formed through aqueous chemical alteration of pyroxene, 
* Corresponding author at: Natural History Museum, London, UK.
E-mail address: j.michalski@nhm.ac.uk (J.R. Michalski).http://dx.doi.org/10.1016/j.epsl.2015.06.020
0012-821X/© 2015 The Authors. Published by Elsevier B.V. This is an open access articleolivine, and maﬁc glass within volcanic and impact-fragmented 
materials (Christensen et al., 2001; Poulet et al., 2007). Because 
these clay minerals are key indicators of aqueous activity, they are 
of astrobiological interest and important for understanding the cli-
mate history of Mars (Bibring et al., 2006). Despite the fact that 
remotely detected Martian smectites are unlikely to be pure clay 
deposits, the spectra of the clay mineral components contain key 
information about their crystal chemistry and structure. However, 
the precise mineralogy of the Fe/Mg-rich smectites is not well un-
derstood, limiting the ability to connect these deposits to their 
protoliths through their geochemistry, or to understand the na-
ture of aqueous processes from whence they formed on ancient 
Mars. under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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wavelength region of 2.27–2.32 μm is related to the clay miner-
als’ crystal chemistry (Bishop et al., 2002a, 2002b; Gates, 2005), 
suggesting variability from Fe-rich to Mg-rich compositional end-
members (Carter et al., 2013). Smectitic clay minerals present a 
challenge because the spectral shift from 2.27 μm (Fe-rich) to 
2.32 μm (Mg-rich) appears to be linear and continuous, suggesting 
a continuous compositional range between the two end-members. 
Yet, most previous clay mineralogy research has suggested that a 
continuous and perfect solid solution between the dioctahedral 
Fe3+-rich smectite (nontronite) and the trioctahedral Mg2+-rich 
smectite (saponite) does not exist (e.g., Grauby et al., 1994). In-
stead, intermediate compositions result from intimate structural 
mixtures of trioctahedral and dioctahedral domains (Grauby et al., 
1994; Deocampo et al., 2009; Cuadros, 2010). The Fe–Mg–smectite-
system is further complicated by the variable valence state of Fe 
and therefore, the relationship between Fe/Mg ratio in smectitic 
clay minerals and near-infrared spectral features (2.27–2.32 μm) is 
not well understood.
Many remotely detected Martian clay minerals are considered 
to be “smectitic” because, additional to the metal–OH spectral fea-
tures described above, they generally exhibit a spectral absorp-
tion located at 1.91–1.93 μm related to adsorbed water (Poulet et 
al., 2005; Ehlmann et al., 2009). Adsorbed water is much more 
common in expandable clay minerals (smectites) than in non-
expandable clay minerals (Madejova et al., 1994; Bishop et al., 
1994). However, mixed layering between expandable clay miner-
als (smectites) and non-expandable clay minerals is common in 
nature (Cuadros, 2010) and therefore many clay minerals that ex-
hibit smectitic properties are not 100% smectite. An example of 
such behavior is clear in the talc–saponite system, where mixed 
layering occurs between the expandable >10 Å-clay (tetrahedral–
octahedral–tetrahedral, or TOT) saponite and non-expandable TOT 
clay, talc (∼9.4 Å) (Cuadros et al., 2008). Similar scenarios are 
observed between expandable Fe-rich TOT clay (e.g. nontronite) 
and non-expandable Fe-rich TOT clay (e.g. glauconite) (Cuadros 
et al., 2013). In addition, water not only occurs at the grain sur-
faces and in the interlayer sites of smectite, but in the hexago-
nal cavity created by the tetrahedral sheets close to octahedral 
Fe atoms in non-expandable layers, where it is more strongly 
held than in the interlayer positions (Cuadros et al., 2008, 2013). 
The implication is that signiﬁcant molecular water can also oc-
cur in clay minerals other than pure smectite. Therefore, there 
are a range of possibilities for crystal–chemical variation of Fe/Mg-
rich smectitic clay minerals on Mars, ranging from pure chemical 
substitution among smectites to mixed layering between discreet 
sheets or layers of different compositions (e.g., Bishop et al., 2008;
Milliken et al., 2010).
This paper builds upon previous works (e.g. Ehlmann et al., 
2011; Carter et al., 2013) to further explore the mineralogy of 
Martian clay minerals, speciﬁcally Fe/Mg-rich smectitic clay min-
erals. We have analyzed Fe/Mg-rich clay minerals found within 
hydrothermal sediments obtained from terrestrial seaﬂoor cores 
extracted from a number of basins around the globe, as well as 
some samples selected from subaerial continental settings. Miner-
alogical, crystal–chemical, and spectroscopic variations among this 
sample group place stricter constraints on the mineralogy of Mar-
tian Fe/Mg-rich smectites and their likely protolith compositions 
and alteration styles on Mars.
2. Materials and methods
2.1. Materials
Sea ﬂoor hydrothermal clay deposits were chosen as analogs 
because they are chemically variable over small scales (cm–dm) Fig. 1. The compositional range of samples used in this study is depicted graphically. 
Our samples span a range of crystal–chemical space between Fe- and Mg-end-
members. Intermediate compositions occur because of both chemical substitution 
within sheets and due to mixed layering. The Fe-rich samples include nontronite 
and glauconite–nontronite mixed-layer clay minerals. The Mg-rich samples include 
talc–saponite mixed-layer clay minerals. Di–trioctahedral talc–nontronite is also ob-
served. True intermediate solid solution between saponite and nontronite is not 
observed in our data.
and contain smectites with a compositional range relevant to 
Mars (Fe- and Mg-rich). A large number of samples was collected 
from these materials, and subsequently down-selected to mini-
mize the effects of non-phyllosilicate impurities on our interpreta-
tions of mineralogy and chemistry. The geographic origin, geologic 
context, mineralogy, and chemistry of most of the samples dis-
cussed here were reported previously (Cuadros et al., 2013). All 
of those samples were extensively characterized by X-ray diffrac-
tion (XRD), including quantitative modeling of interstratiﬁed clay 
minerals from XRD data, chemical analysis, thermal gravimetry-
evolved gas analysis (TG-EGA), Mössbauer spectroscopy, scanning 
electron microscopy (SEM), and transmission infrared spectroscopy. 
In addition to the 32 samples from Cuadros et al. (2013), this 
paper includes three terrestrial nontronites (Sampor, SWa-1 and 
Gossendorf) (Bishop et al., 1999, 2002a).
In total, 35 well-characterized clay samples were selected for 
analysis by near-infrared spectroscopy in this work. Fig. 1 illus-
trates the mineralogical and chemical range of sample materials 
used here (see Cuadros et al., 2013 for more information, speciﬁ-
cally Tables 2 and 4, and supplementary information). The samples 
span compositional space in the Fe–Mg system due to chemical 
substitution and mixed layering. For example, Mg2+ occurs in the 
dioctahedral sheets of nontronite and can substitute for Fe3+ . Like-
wise, Fe3+ can substitute for Mg2+ or Fe2+ within the octahedral 
sheets of saponite, as observed in our data; such substitutions are 
generally charge-balanced by vacancies. Complete solid solution 
between the two end-member compositions is lacking, and there 
is a chemical gap where true intermediate chemical substitutions 
are not observed.
Interstratiﬁcation or mixed layering is observed in multiple 
variations in our samples. Mixed layering is observed between 
nontronite and glauconite, between talc and saponite, and be-
tween talc and nontronite (Fig. 1). Talc–saponite (T–S) spans the 
greatest range of ratio between expandable and non-expandable 
clay minerals (T–S from 10–90 to 98–2). Glauconite–nontronite 
(G–N) spans a range from 23–77 to 68–32. There is also ev-
idence for mixed layering between talc and nontronite (T–N), 
where the ratios of mixing occur over a smaller range (T–N from 
20–80 to 40–60). This subset of samples (T–N), referred to as 
di–trioctahedral in this paper, is interesting because it represents 
interstratiﬁcation between trioctahedral and dioctahedral layers. 
However, in addition to mixed layering or interstratiﬁcation, there 
is evidence of dioctahedral domains within trioctahedral sheets 
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al., 2013).
2.2. Methods
Details of the characterization procedures used here are iden-
tical to those described by Cuadros et al. (2013). In summary, 
salts were ﬁrst washed out of the samples and the <2 μm or 
<4 μm fraction was separated, where necessary, to avoid insolu-
ble contaminants. Clay minerals were then characterized by XRD, 
wet chemical analyses, Mössbauer spectroscopy, TG-EGA, and mid-
infrared (MIR) transmission spectroscopy. This study includes char-
acterization by the additional technique of near-infrared (NIR) re-
ﬂectance spectroscopy and connection to relevant aspects of the 
MIR.
Well-characterized clay mineral powders (the samples analyzed
by Cuadros et al., 2013) were analyzed by infrared reﬂectance 
spectroscopy at the Keck-NASA RELAB facility at Brown University. 
Approximately 100 mg of each sample was prepared as a loose 
powder in a 1-cm diameter sample cup. Spectra were collected 
over a wavelength range from 0.8 to 100 μm under a nitrogen 
purge after equilibrating overnight. The spectral range of most in-
terest was from 2.15 to 2.40 μm, where a spectral resolution of 
2 cm−1 equates to ∼1 nm. Through a series of trials, the samples 
were measured under both purged and ambient conditions, with 
no observable differences in this part of the spectrum.
In the 2.15–2.40 μm spectral range, vibrational absorptions cor-
respond to metal–OH combination bands (combinations of the OH 
bending and stretching fundamentals) (Farmer, 1974). In another 
study (Cuadros et al., in review) we describe a procedure for ﬁtting 
Gaussian curves to these hydroxyl bands to evaluate the contribu-
tion from individual bond types to the overall spectral character 
of each clay sample (Cuadros et al., in review). In this work, we 
simpliﬁed the procedure and extracted the wavelength position 
of the absorption maximum (reﬂectance minimum) in the region 
where metal–OH absorptions occur (2.27–2.32 μm). In reality, the 
absorption strength and position of this band is a complex function 
of overlapping Fe2OH, FeMgOH, Mg3OH and possibly Mg2FeOH 
and/or MgFe2OH absorptions. In Fe/Mg-rich smectites, all of these 
components contribute to the character of one strong combination 
band that is diagnostic of clay chemistry in this range. It is impor-
tant to note that the position of this absorption is directly compa-
rable to reﬂectance spectra from CRISM and OMEGA. However, the 
error in resolving the wavelength of the absorption maximum in 
laboratory data is approximately 1 nm in this case, and the com-
parable uncertainty for CRISM is approximately 6.5 nm.
To compare laboratory results to reﬂectance spectra of Mars 
from CRISM, we extracted spectra from 30 different clay-bearing 
localities on Mars, allowing us to evaluate terrains that are dom-
inantly smectitic in nature rather than those that likely contain 
chlorite (e.g. Milliken et al., 2010), serpentine, etc. (Appendix Ta-
ble 1). The 30 regions of interest (ROIs) include several categories 
of geologic context: layered Hesperian–Noachian crust, layered ma-
terials in chaotic terrains, deep crust exposed in canyon walls or 
by erosion, crater rims and ejecta, and deep crust exhumed in the 
central peaks of impact craters. The average number of CRISM pix-
els per ROI is 1228, which equates to ∼0.4 km2/ROI, although this 
value includes one large outlier; the typical ROI size is ∼0.2 km2.
The goal in analyzing these 30 ROIs was to relate the spectral 
variability we observe in our lab data to the spectral variability 
that is observed among smectites on Mars using CRISM. The ROIs 
are not meant to be statistically representative of the total number 
of detections of smectites on Mars. Spectra from the 30 ROIs allow 
us to show how our lab data can be used to evaluate and classify 
CRISM spectra. In the discussion of this paper, we extend our anal-Fig. 2. Mössbauer spectra show three major categories of clay minerals in our sam-
ple suite. These include clay minerals with signiﬁcant amounts of VI-coordinated 
Fe3+ occurring in the octahedral sheets (a), those with signiﬁcant amounts of IV-
coordinated Fe3+ in the tetrahedral sheets (b), and those with signiﬁcant amounts 
of VI-coordinated Fe2+ in the octahedral sheets (c).
ysis further to evaluate a statistically representative global dataset 
(Carter et al., 2013).
CRISM spectra were processed through the standard data 
pipeline to produce atmospherically corrected I/F data (Murchie 
et al., 2009). We extracted I/F data from regions of interest in 
each scene where clay signals were observed. The details of which 
scenes were used, number of pixels, and X , Y location in each 
scene are reported in Appendix Table 1. The extracted spectra were 
continuum-corrected in the wavelength range from 2.1 to 2.6 μm 
for comparison to the continuum-corrected lab data.
3. Results
3.1. Clay mineralogy and crystal-chemistry
The combined results from XRD, chemical analysis, TG-EGA, and 
Mössbauer spectroscopy provide strong constraints on the actual 
crystal-chemistry of the samples (Cuadros et al., 2013). The Möss-
bauer results in particular provide key information required for 
relating the infrared absorptions to Fe3+ and Fe2+-content. Fig. 2
shows three key examples of Mössbauer spectra for our samples. 
218 J.R. Michalski et al. / Earth and Planetary Science Letters 427 (2015) 215–225Fig. 3. Near-infrared reﬂectance and mid-infrared transmission spectra (scaled and offset) are shown for ﬁve different sample types. These include glauconite–nontronite 
(G–N), nontronite (N), talc–nontronite (T–N), Fe-rich talc–saponite and talc–saponite (T–S). Sample labels, in the same order from top to bottom, correspond to these ﬁve 
samples as described by Cuadros et al. (2013). The two main NIR spectral features of interest in this work are the metal–OH features related to octahedral Fe and Mg located 
near λ = 2.27–2.32 μm and the feature related to adsorbed or interlayer water located at λ = 1.91–1.93 μm (a). Mid-infrared transmission spectra are shown at the right (b). 
The key absorption of interest here is a metal–O–Si absorption that can be used to interpret clay compositions on Mars from thermal infrared data (Michalski et al., 2010).One important result is the distinction between Fe3+ in tetrahe-
dral versus octahedral environments. Some of our samples contain 
large amounts of tetrahedral Fe (e.g. Va3-150–153, a T–N sam-
ple with 23% of the Fe occurring as IVFe3+) even if Al is present 
(though Al is in very low abundance in general) (Fig. 2). A sec-
ond important result is the distinction between 6-coordinated Fe3+
and Fe2+ in the octahedral sheets. Our samples contain moderate 
amounts of Fe2+, especially in the Fe-rich talc samples, but also in 
glauconite–nontronite and talc–nontronite mixed-layer clay miner-
als (Fig. 2). Lastly, the Mössbauer data were used to identify Fe3+
in multiple 6-coordinated environments, including multiple sites in 
clay minerals (Drits et al., 1997), and in oxyhydroxide, and oxide 
contaminants, if present. With these data, we were able to avoid 
samples with contamination or correct for minor contamination if 
present.
3.2. Infrared results
Near-infrared reﬂectance spectra of our samples show all of the 
typical features of clay minerals in the range from 1 to 2.6 μm 
(Fig. 3), including OH stretching overtones near 1.4 μm, HOH 
stretching overtones associated with bound and interlayer water at 
1.41 μm, HOH combination stretching plus bending vibrations due 
to bound and interlayer water at 1.91 μm, and OH combination 
bands at 2.28–2.32 μm. In general, the Fe3+-rich, dioctahedral clay 
minerals absorb at lower wavelengths (∼2.28–2.29 μm) compared 
to the Mg-rich smectite, talc and talc-smectite (2.31–2.32 μm). This 
general observation is not surprising (e.g., Bishop et al., 2002a), 
but the details are in fact interesting and revealing. When the wavelength of the FeMgOH combination band is plotted against 
crystal-chemistry, several trends are revealed (Fig. 4).
Among the dioctahedral clay minerals (pure nontronite and 
glauconite–nontronite), there is a clear correlation between chem-
istry and position of the main metal–OH band (Fig. 4a). Most 
of these are of submarine origin, though a few are from non-
marine settings (only those with the lowest wavelength absorp-
tions, ∼2.285 μm, are non-marine). The non-marine samples have 
primarily Fe3+ and Al3+ in the octahedral sheets and little or no 
Mg2+ or Fe2+. Among all of our dioctahedral samples, increas-
ing substitution of Fe2+ and Mg2+ up to 20% of the octahedral 
cations (Fig. 4c) consistently shifts the absorption maximum to 
longer wavelengths ca. 2.305 μm (R2 = 0.96).
What causes the systematic shift? Because the shift occurs to-
ward longer wavelengths (lower energies) with increasing substi-
tution, it is likely that the substitution of divalent cations into the 
octahedral sheet results in an overall increase in the bond lengths 
involved. This could explain the systematic shift in our data. How-
ever, there is evidence that substitution into vacancies could ac-
tually decrease the bond length (Perdikatsis and Burzlaff, 1981). 
Further work is needed to determine exactly where the substitu-
tion occurs in the octahedral sheets.
The trioctahedral and di–trioctahedral mixed-layer clay miner-
als are complex (Fig. 4b). Substitution of trivalent cations for diva-
lent cations should decrease the average bond lengths and there-
fore result in systematically shorter wavelength absorptions with 
increased Fe3+- or Al3+-content. But, we observed the contrary in 
our data. In the trioctahedral group (talc and talc–saponite), the 
position of the metal–OH combination band is only weakly corre-
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in smectitic clay minerals is compared to crystal chemistry of the samples: octahedral trivalent cations (Fe3+ and Al3+) (a–b) and octahedral divalent cations (Fe2+ and 
Mg2+) (c). The arrow in panel b shows an important spectral shift that occurs in trioctahedral sheets: increasing substitution of Fe3+ causes the metal–OH band to shift to 
longer wavelengths in trioctahedral and di–trioctahedral clay minerals but there is a wavelength gap between the two ranges. The reasons for this shift are discussed in the 
text and by Cuadros et al. (in review).lated with Fe3+ and Al3+ content (R2 = 0.54) or Fe2+ and Mg2+
content (R2 = 0.50). For trioctahedral and di–trioctahedral sam-
ples, the addition of Al3+ and Fe3+ displaces the band position 
toward longer wavelengths, as seen in the positive slope in Fig. 4b.
This relationship among trioctahedral clay minerals might be 
understood in terms of the competing effects related to the na-
ture of various fundamental bands contributing to the combination 
bands investigated here. Speciﬁcally, in trioctahedral clay minerals, 
increasing substitution of trivalent cations shifts the bending fun-
damentals to lower wavelengths and the stretching fundamentals 
to higher wavelengths. In the resulting combination, these effects 
are in conﬂict and the correlation between band placement and 
crystal-chemistry is weaker. However weak the correlation, the re-
sulting combination band does shift toward higher wavelengths 
with increasing trivalent cations (Fig. 4b) or lower wavelength with 
increasing divalent cations (Fig. 4c).
Perhaps even more complicated are the di–trioctahedral clay 
minerals. These samples represent mixed-layer clay minerals with 
characteristics of both dioctahedral and trioctahedral clay minerals 
(Cuadros et al., 2013). In the NIR, the di–trioctahedral clay min-
erals are generally spectroscopically similar to dioctahedral clay 
minerals (Fig. 3a), but in the MIR, they are spectrally interme-
diate between the two (Fig. 3b). In the 400–550 cm−1 region, 
dioctahedral clay minerals exhibit a well-deﬁned doublet that is 
not well-deﬁned in trioctahedral clays (Fig. 3b). In this region, di–
trioctahedral clays have a feature that is intermediate between 
dioctahedral and trioctahedral clay minerals, but they also ex-
hibit well-developed bands associated with dioctahedral and tri-
octahedral clay minerals in the bending and stretching regions 
(not shown). In the NIR, their metal–OH combination band in di–
trioctahedral clays occurs at 2.29–2.295 μm, similar to nontronite 
(Fig. 4c). In detail, the negative slope of the trend with increasing 
Fe2+ and Mg2+ content (Fig. 4c) mimics that of the trioctahedral 
clay minerals, reﬂecting the fact that true trioctahedral domains 
(i.e. occupancy >2.5 per O10[OH]2) are present. Here the wave-
length of the composite band is a function of the varying contri-
butions from each layer type and their overall bond length.
Fig. 4b highlights a major spectral shift where the wavelength 
of the metal–OH feature changes from ∼2.315 μm to ∼2.290 μm 
once trivalent cations (Fe3+ and Al3+) reach a similar proportion 
to divalent cations (Fe2+ and Mg2+). In trioctahedral clay miner-
als, the substitution of trivalent cations, especially Fe3+ , has the 
effect of increasing the wavelength of the metal–OH absorption, 
as described above and seen in Fig. 4b. As Fe3+ increases, unique 
nontronite-like domains form in the trioctahedral layers. Eventu-ally, with increasing substitution, discreet dioctahedral sheets and 
layers form, resulting in a true di–trioctahedral mixed-layer clay 
(Cuadros et al., 2013). This shift has a profound effect on the posi-
tion of the metal–OH combination bands (Fig. 4b).
Finally, spectra of Fe-rich talc can appear similar to smectite 
spectra. One of the talc–smectite samples (Turtle Pits in Fig. 3), 
with 21% saponite, has a strong and well-deﬁned doublet at 
2.31 μm, which is typical for Mg-rich, well-ordered talc. In con-
trast, the Fe-rich T–S sample (1183–9), with only 2% saponite, has 
a poorly deﬁned doublet reﬂecting the less ordered nature of the 
talc, which is typical for Fe-rich talc (Cuadros et al., 2008). How-
ever, while the combination bands become more subdued in Fe-
rich talc due to higher Fe-content, the overtone bands at 1.41 μm 
become much more complex. As might be expected, this mimics 
the behavior of Mg3OH, Mg2FeOH, MgFe2OH, and Fe3OH bands in 
Fe-rich talc at ∼2.7 μm (Wilkins and Ito, 1967; Petit et al., 2004;
Petit, 2005; Cuadros et al., 2008).
3.3. Mars remote sensing results
Each of the NIR spectra of the 30 surfaces analyzed contains an 
absorption at one of the CRISM band passes between 2.278 μm and 
2.318 μm. Those absorptions are indicative of the Fe- and Mg-rich 
nature of the smectitic deposits on Mars and because they span 
the same spectral range (∼2.28 μm and 2.32 μm) that we show 
in Fig. 4 for laboratory data, it stands to reason that the Martian 
smectites exhibit a similar compositional range. As is the case with 
the laboratory data, we can interpret the crystal chemistry of the 
Martian smectites in detail based on the precise position of these 
absorptions. These results are discussed further in the discussion 
section because they make more sense in the context of our clas-
siﬁcation scheme explained for our laboratory data below.
4. Discussion
4.1. Intermediate compositions of Fe/Mg-rich smectites
One of the measurables of Fe/Mg-rich smectitic clay minerals 
is the position of the metal–OH combination band. This absorp-
tion occurs between 2.27 and 2.32 μm and is the key indicator of 
clay mineralogy on Mars. CRISM spectra of clay-bearing rock units 
on Mars exhibit absorptions at several different wavelength posi-
tions from 2.27–2.32 μm. Is that an indication that smectite clay 
minerals on Mars exhibit true solid solution between Mg-rich and 
Fe-rich end-members in this range? If so, it would be surprising 
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ternary form. The gray area corresponds to intermediate compositions that are rare 
in nature. The position of the FeMgOH combination band shifts continuously be-
tween the Fe-rich and Mg-rich end-member positions, but yet our samples do not 
exhibit pure solid solution.
because FeMg-smectites do not commonly occur in solid solution 
on Earth (Deocampo et al., 2009); intermediate compositions more 
typically imply the existence of both dioctahedral and trioctahe-
dral domains either within individual sheets (Grauby et al., 1994) 
or in interstratiﬁcation of sheets (mixed layering) (Cuadros, 2010). 
Therefore the questions addressed below are: how do the chem-
istry of Fe/Mg-rich smectites relate to their NIR features? And, how 
can we interpret the chemistry of smectitic Fe/Mg-clay minerals on 
Mars from NIR data?
Fig. 5 is a ternary plot of the octahedral chemistry of our sam-
ples showing their relative abundances of Fe3+ , Fe2+ and Mg2+. 
The plot shows that few of our samples truly exhibit interme-
diate compositions. In fact, most of the samples of nontronite, 
glauconite–nontronite, and di–trioctahedral mixed-layer clay min-
erals fall into a narrow, Fe3+-rich zone. Likewise, the talc–saponite 
clay minerals are constrained to a relatively limited Mg-rich zone 
(Fig. 5). Only a few samples seem to have intermediate compo-
sitions. These are the very Fe-rich talc sample (1183–9) and a 
complicated sample, nontronite 51, which is a talc–nontronite that includes a small amount of talc physically mixed in addition to 
mixed layering. Our geochemical results support the idea that true 
chemical solid solution between Mg- and Fe-rich smectites is un-
common in nature (see “chemical gap” in Fig. 1) (Grauby et al., 
1994).
While the geochemistry of our samples does not seem to be 
truly linear between Fe- and Mg-rich end-members, it is true that 
we generally see a spectral continuum between the Fe-rich side 
(∼2.28 μm) and the Mg-side (2.32 μm). The middle ground (clay 
minerals that absorb from 2.29 to 2.305 μm) is occupied by rel-
atively Mg-rich dioctahedral clay minerals, and to some extent, 
by di-trioctahedal clay minerals (Fig. 4c). Those dioctahedral clay 
minerals are common on Earth and, as described below, they are 
critically important for understanding clay minerals on Mars. The 
di–trioctahedral clay minerals are more complicated and less com-
mon, but also important on Mars.
4.2. Classiﬁcation of smectitic clay minerals from spectral data
One of the goals of this work has been to categorize Fe/Mg-
rich smectite clay minerals in a way that is applicable to Martian 
remote sensing data and useful for geological interpretations. In 
categorizing the data, we focused on the Fe/Mg ratio of the clays, 
as this provides a geochemical distinction that can be understood 
in the context of the most common types of chemical analyses 
of other Martian materials. In doing so we lose the distinction 
between Fe2+ and Fe3+, which is relevant spectroscopically, but 
which is also diﬃcult to establish accurately in remote sensing 
analysis of Mars surface. Moreover, while Martian smectitic clay 
minerals might have formed with appreciable Fe2+ on their struc-
tures, it is possible that Fe2+ would be oxidized to Fe3+ in clays 
exposed to the Martian atmosphere. Therefore, grouping of Fe2+
and Fe3+ into “total Fe” for smectitic clay minerals on Mars is 
likely a reasonable assumption.
To distinguish clay minerals according to their Fe/Mg ratios, we 
considered two systems: the ﬁrst is with regard to molar octahe-
dral chemistry (Fig. 6a) and the second to total sample chemistry Fig. 6. Fe–Mg-rich smectitic clay minerals can be categorized into four chemical groups based on near-infrared data. Panel a shows the position of the absorption maximum 
of the metal–OH combination band plotted against molar octahedral crystal chemistry. In panel b is the same type of plot, but where the chemistry represents bulk sample 
FeO and MgO. Note that all Fe2O3 was recast as FeO in this plot. The four groups are discussed in the text. Note that the group order can be confusing because the FeO/MgO 
decreases in the order: Group 1, 3, 2, and 4 whereas the spectral positions decrease in the order of the group numbers. Group 1 is very high FeO/MgO and Group 2 is 
low-moderate FeO/MgO, but these two groups can be diﬃcult to distinguish in the infrared based on complex Fe-substitution and mixed layering (see Fig. 4c).
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in panel a. The absorption maximum of the FeMgOH combination feature in each continuum-corrected I/F spectrum is plotted for each deposit, showing the range of 
compositions of Fe/Mg-rich smectitic clay minerals on Mars (b). These are categorized into groups using the breakdown in Fig. 6b. Note that these spectra are meant to 
represent most of the range of spectral variability among FeMg-smectites on Mars, not a statistical representation of the actual frequency of occurrence.(MgO and FeO) (Fig. 6). Note that FeO in this case corresponds 
to total Fe because all Fe2O3 is recalculated as FeO. Ultimately, we 
chose the latter system (FeO v. MgO) because it is more relevant to 
our goal of relating the clay geochemistry to possible Martian pro-
toliths, most of which are evaluated in terms of total Fe reported 
as FeO.
Fig. 6 relates the spectral position of the metal–OH combina-
tion band to the octahedral chemistry of the clay minerals and 
the total Fe-content of our sample group. Based on the combined 
spectral variation and chemistry of samples, we categorized the 
materials into four groups. Whether one views the data in molar 
or oxide-space (Fig. 6a or 6b), there are three obvious distinctions: 
very low Fe/Mg ratio, moderate Fe/Mg ratio and very high Fe/Mg 
ratio. Despite this natural cluster into three groups, we deﬁned 
an additional fourth group that corresponds to materials with un-
usual Fe/Mg ratios versus spectral character. These correspond to 
di–trioctahedral clay minerals that have interesting spectral char-
acter, as described above.
Here we describe the grouping based on total FeO/MgO, as il-
lustrated in Fig. 6b. Group 1 clay minerals are those with very 
high FeO/MgO ratios (>30). These correspond to non-marine non-
tronites and low-Mg submarine nontronites that have combination 
bands at 2.28–2.29 μm. Group 2 is the anomaly in the sense that 
it exhibits highly variable Fe/Mg ratios and it does not ﬁt the trend 
of Groups 1, 3 and 4. Group 2 includes the clay minerals that have 
spectral features that overlap with those of Group 1 (features lo-
cated at ∼2.29 μm), but have very different FeO/MgO ratios (2–10 
for Group 2 versus >30 for Group 1). As described above, this 
overlap occurs due to complex attributes of the trioctahedral com-
bination bands (Cuadros et al., in review) and the complex effects 
of chemical substitution and mixed layering between trioctahe-
dral and dioctahedral sheets. Group 3 includes a range of smectitic 
samples (mostly dioctahedral, but also di–trioctahedral clays) that 
are Mg-bearing, but generally Fe-rich (FeO/MgO ∼10–30). Finally, 
Group 4 clay minerals are trioctahedral clay minerals with rela-
tively low FeO/MgO ratios (0–2). Note, however that most of these 
samples have an FeO/MgO ratio <1, and only one of them has a 
value of ∼2.CRISM data extracted from smectite-bearing terrains on Mars 
can be compared to our lab data and also categorized into groups. 
However, in the case of the CRISM data, there is of course only 
the infrared band position available without the corresponding 
chemistry. Fig. 7a shows examples of extracted CRISM spectra cor-
responding to each group. Fig. 7b shows the wavelength of the 
metal–OH combination band for all 30 terrains analyzed. Similar 
to the classiﬁcation of laboratory spectra, the CRISM spectra can 
be categorized into the four groups based on the position of the 
metal–OH absorption. Note that Group 2 cannot actually be iden-
tiﬁed uniquely because it (spectroscopically) falls within Group 1, 
but it is important to point out that this group could exist on Mars, 
especially given the evidence for clays that appear to be trioctahe-
dral but very Fe-rich (Michalski et al., 2010).
4.3. Global occurrences of smectitic clay classes
Our analysis of CRISM data for 30 ROIs is meant to illustrate 
the range of smectitic compositions on Mars based on the position 
of the metal–OH band. Those results (Fig. 7) were not intended to 
be a statistically complete representation of the number of occur-
rences or detections of smectites on Mars. However, it is possible 
to apply our classiﬁcation of smectitic clays to a global dataset, 
which is statistically representative with regard to number of de-
tections of smectitic clays.
Carter et al. (2013) performed an exhaustive analysis of the 
occurrence of clay minerals on Mars using OMEGA and CRISM 
data. Using Carter’s database of >1000 detections of smectites 
on Mars (we used 1007 of those data points), we classiﬁed each 
detection into one of Groups 1–4 based on the position of the 
metal–OH absorption in the 2.27–2.32 μm spectral range. In other 
words, the classiﬁcation scheme demonstrated in Fig. 7 can be 
applied to a large, global database of Martian smectitic clays. 
Fig. 8a shows the results of this classiﬁcation for each of the 
1007 smectite detections from the database of Carter et al. (2013)
overlaid on geologic surface age. There are several observations 
to note: 1) the smectites occur almost entirely in Noachian ter-
rain, considering the most recent global geologic surface map-
ping (Tanaka et al., 2014), 2) the most common group of smec-
222 J.R. Michalski et al. / Earth and Planetary Science Letters 427 (2015) 215–225Fig. 8. Global classiﬁcation of smectitic clays on Mars. We used the global database of Carter et al. (2013) to classify the composition of 1007 Fe/Mg-rich smectite detections 
on Mars according to our four groups described in the text. Smectite detections are overlaid on Noachian geologic surface ages (Tanaka et al., 2014) (a) and on Fe (converted 
to FeO) abundance detected by GRS (Boynton et al., 2008). Clay groups, which are categorized by Fe-content, are decoupled from crustal FeO-content, as derived by GRS.titic deposit corresponds to Group 3 – very Fe-rich clay min-
erals, and 3) there is no clear spatial correlation among the 
groups.
Considering that our classiﬁcation of clay minerals on Mars 
is focused on Fe-content, it makes sense to compare the geo-
graphic occurrence of different groups to the Fe-content of the 
Martian crust, as observed in Gamma Ray Spectrometer (GRS) data 
(Boynton et al., 2008) (Fig. 8b). While some Fe-rich clay mineral 
deposits occur within Fe-rich terrains, they also occur in rela-
tively Fe-poor terrains; there is no obvious correlation between 
bulk crust composition (GRS integrates surface chemistry measure-
ments over the uppermost decimeters) and clay composition in the 
NIR (which is sensitive to the uppermost ∼10 s–100 s of μm).
The global results reveal important insights into the chemistry 
of Martian clay minerals (Fig. 9). Most strikingly, the results show 
that 69% of all detections of smectitic clay on Mars correspond 
very Fe-rich (FeO/MgO = 10–30) dioctahedral and di–trioctahedral 
clay minerals (Group 3), described in detail in Section 4.1 above 
(Fig. 9). Approximately 22% of the smectitic clay minerals detected 
on Mars fall into the trioctahedral, relatively Mg-rich category. 
Only ∼1% of the total would fall into Group 1, which are ex-
tremely Fe3+-rich, Mg2+ and Fe2+-poor dioctahedral clay minerals. 
The remaining 8% is diﬃcult to characterize (Group 2). These are 
clay minerals that, based on their infrared characteristics, might Fig. 9. The actual abundance of each group of smectitic clay on Mars. Carter et al.
(2013) described the global occurrences of smectitic clay minerals on Mars from 
CRISM data, and counted the number of occurrences of clay minerals based on 
metal–OH absorptions at each wavelength in the metal–OH combination region 
(2.27–2.32 μm). Here we categorize those results according to our crystal–chemical 
groups. Only 22% of the smectite occurrences are relatively Mg-rich. Most (70% – 
Groups 1 + 3) are very Fe-rich (FeO/MgO > 10). An additional 8% corresponds to 
di–trioctahedral clay minerals of moderate FeO/MgO or possibly to very high-Fe 
dioctahedral clay minerals.
J.R. Michalski et al. / Earth and Planetary Science Letters 427 (2015) 215–225 223Fig. 10. A comparison of the known bulk FeO/MgO ratios of Martian materials compared with the FeO/MgO ranges interpreted from infrared data. The colored ranges 
correspond to spectral Groups 1–4 as deﬁned in Fig. 6b (note that the group order is intended to progress from 1 to 3 to 2 to 4 in terms of FeO/MgO ratio). The point data 
correspond to 157 analyses of: Martian meteorites (bulk chemistry), compositions of Martian clay minerals measured within Martian meteorites, compositions of igneous 
rocks on Mars measured by rovers, and compositions of clay deposits on Mars measured by rovers. Note that most Martian clay deposits detected remotely (Fig. 8) have 
higher FeO/MgO ratios than most Martian igneous compositions, suggesting signiﬁcant Fe segregation by aqueous alteration processes.be either di–trioctahedral and somewhat Fe-rich or purely diocta-
hedral and very Fe3+-rich. To summarize, most of the smectites 
detected on Mars are Fe-rich and likely dioctahedral (nearly four-
ﬁfths). Only approximately one-ﬁfth of the smectites detected on 
Mars are Mg-rich and trioctahedral (Fig. 9).
The notion that smectites on Mars are Fe-rich and complex (i.e. 
include mixed-layer varieties) is a reasonable one. Burns (1993)
predicted the occurrence of complex Fe-rich smectites on Mars, 
even citing terrestrial analog samples from the Atlantis II Deep 
Basin, Red Sea (the setting where many of our samples were col-
lected), as examples of such complex mineralogies. Such complex 
clay minerals could occur due to oxidation of Fe2+-rich trioctahe-
dral clay minerals, as described by Burns (1993), but they could 
also form if aqueous conditions on Mars were not stable and long-
lived, because mixed-layer clay minerals form at phase bound-
aries and in kinetically inhibited conditions (Cuadros, 2010). The 
only clay minerals on Mars that are well understood through de-
tailed, in situ analyses are those detected in Gale Crater by XRD 
with the Curiosity rover (Vaniman et al., 2013). These clays ap-
pear to be smectitic, trioctahedral and Fe-rich (compared to typ-
ical saponite) (FeO/MgO ∼ 2). No infrared data are available for 
the material because Curiosity does not carry any IR spectrome-
ters. The closest chemical and structural comparison to these clay 
minerals is a trioctahedral smectite from Griﬃth Park, Los Ange-
les, USA (FeO/MgO = 0.7–1) (Treiman et al., 2014). This material 
clearly displays trioctahedral characteristics, and has NIR absorp-
tions in the 2.308–2.315 μm range (Treiman et al., 2014), which 
places it in our Group 4. Therefore, the clays explored to date in 
the ﬂoor of Gale Crater might shed light on Group 4 clays detected 
on Mars from orbit.4.4. Connections to protoliths and processes
One of the goals of this work is to make progress toward un-
derstanding the origin of smectitic clay minerals on Mars in terms 
of likely protoliths and aqueous alteration processes. Studies of 
Martian meteorites show how alteration of olivine can lead to for-
mation of Fe2+-rich saponite (TOT or 2:1 clay minerals), as well as 
TO (1:1) and 2:1:1 Fe/Mg-rich clay minerals (Changela and Bridges, 
2010; Hicks et al., 2014). In those cases, the products and reactants 
are intimately texturally related and therefore, alteration products 
can be linked to protoliths. However, using remote sensing data, 
textural information is typically lost so it is generally impossible to 
link an exact protolith to an alteration product on Mars remotely.
Despite the limitations described above, it is possible to quan-
titatively constrain crystal-chemistry and bulk FeO/MgO ratios of 
smectitic clay minerals on Mars, and compare those constraints 
to known values for a range of possible protoliths. Fig. 10 plots 
the FeO/MgO ratios of known Martian materials compared to 
the chemical constraints for remotely sensed clays (Groups 1–4) 
(shown as colorized zones, based on chemical ranges of each 
group). The bulk chemistries of Martian meteorites are well known 
(Meyer, 2012). In addition, the chemistry of many igneous rocks 
have been measured in situ on the Martian surface with the Alpha 
Proton X-ray Spectrometers (APXS) aboard the Mars Exploration 
Rovers and Curiosity (McSween et al., 2009; Stolper et al., 2013). 
Lastly, we can consider, for the sake of comparison, the chem-
istry of clay deposits encountered by Mars rovers. These include 
clay minerals near Endurance Crater in Meridiani Planum analyzed 
by the Opportunity Rover (Arvidson et al., 2014) and clay min-
erals in Gale Crater (Vaniman et al., 2013). These data can be 
treated as “known compositions” because the rocks’ chemistries 
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We can compare these known Martian rock and clay composi-
tions to the compositional constraints of smectitic clay minerals 
on Mars based on our four composition groups described above. Of 
course, it is impossible to know the actual protoliths from which 
the remotely sensed clay minerals formed. But, known Martian 
rock compositions provide the best possible guidance. In Fig. 10, 
the color-coding by group represents the FeO/MgO compositional 
range for that group (e.g. Group 3 is bounded by lines of constant 
FeO/MgO ratio equating to 10 and 30).
An important conclusion from Fig. 10 is that Group 4 clays 
have similar compositions to most candidate igneous protoliths. 
The alteration processes that led to formation of Group 4 clays did 
not result in signiﬁcant segregation of Fe from Mg. This could be 
an indication that such clays formed in water limited and/or re-
ducing conditions. An example of such a setting might occur in 
rock-dominated subsurface environments, such as those settings 
proposed by Ehlmann et al. (2011) and Meunier et al. (2012). Alter-
natively, these clays might have formed in terminal deposits where 
Mg might be enriched (e.g. closed basin, terminal lakes) (Bristow 
and Milliken, 2011). Of course, the geologic setting of each clay 
detection must be evaluated independently, but this composition 
group is consistent with such provenance. However, Group 4 cor-
responds to only 22% of the smectite detections on Mars.
Another important conclusion from Fig. 10 is that most Mar-
tian smectitic clay deposits (≥70%) are very Fe-rich compared to 
likely igneous protoliths. The alteration processes that formed clays 
in Groups 1 and 3 resulted in signiﬁcant segregation of Fe from 
Mg. Such clays might have formed in settings that were water-rich 
and slightly oxidizing or less water-rich and extremely oxidizing. 
Such sites might correspond to surface environments or hydrother-
mal subsurface settings. Surface settings could include pedogenic 
alteration (e.g. Noe Dobrea et al., 2010; Gaudy et al., 2011). Sub-
surface settings might have included sustained hydrothermal en-
vironments in the shallow or deep crust (Ehlmann et al., 2009; 
Fairen et al., 2010). However, if these clays formed from subsur-
face ﬂuids, those ﬂuids were likely oxidizing enough to allow for 
segregation of Fe from Mg, which could implicate communication 
of the ﬂuids with the surface environment.
The Group 2 clay minerals, which are complex di–trioctahedral 
phases, have compositions similar to some candidate protoliths 
and similar to clay minerals identiﬁed in Martian meteorites (e.g. 
Changela and Bridges, 2010). These deposits might represent tran-
sitional chemical environments and/or short-lived aqueous set-
tings. They might also be relevant to clays on Mars that have NIR 
characteristics of Fe-rich dioctahedral clays, but thermal IR charac-
teristics of trioctahedral clay minerals (Michalski et al., 2010).
A ﬁnal consideration is the relationship of Fe-rich Martian clay 
minerals to other crustal materials (e.g. Milliken et al., 2009). A re-
vised summary of global alteration on Mars, taking into account 
observational biases and biases due to dust cover, shows that 
much of the crust has been altered to clay minerals (Carter et 
al., 2013). Our results show that the smectites are largely very 
enriched in Fe relative to the likely protoliths, which suggests 
that Mg has been mobilized into other deposits. In this regard, 
it makes sense that most of the carbonates detected on Mars 
to date are Mg-rich (Ehlmann et al., 2008; Niles et al., 2013). 
In fact, Mg-rich carbonates are often observed together with Fe-
rich smectites and were in many cases diﬃcult to completely iso-
late from the Fe-smectite signatures (e.g. Ehlmann et al., 2009;
Bishop et al., 2013). Likewise, it would not be surprising if ancient 
chloride deposits (Osterloo et al., 2010) are rich in Mg. Such a sce-
nario makes sense if the formation of most clay minerals, chlorides 
and carbonates were roughly coeval on ancient Mars (Ehlmann et 
al., 2011) and predate the era in which water-limited, sulfate for-
mation was dominant (Bibring et al., 2006).5. Conclusions
We analyzed the near-infrared spectra of Fe/Mg-rich smectitic 
clay minerals in order to relate the crystal-chemistry of these clay 
minerals to their infrared features. Our results show good corre-
lations between the crystal-chemistry of dioctahedral Fe/Mg-rich 
clay minerals and their spectral features. As Mg2+ and Fe2+ sub-
stitute into the octahedral sheets, the position of the combina-
tion band shifts predictably from lower wavelengths (∼2.28 μm) 
to higher wavelengths (∼2.30–2.31 μm). But, even at the higher 
wavelength end, the clay minerals are clearly Fe-rich. Trioctahe-
dral clay minerals are more complicated. Substitution of trivalent 
cations into the octahedral sheet does not have as pronounced or 
predictable of an effect on the position of the relevant combination 
band. However, once a signiﬁcant amount of substitution of triva-
lent cations is reached, complex di–trioctahedral clays form. The 
NIR metal–OH combination absorption in these di–trioctahedral 
clays is shifted dramatically to lower wavelengths compared to tri-
octahedral clays.
Based on our analyses of Fe/Mg-rich smectitic clay minerals in 
the laboratory, we categorized Fe/Mg-rich smectites observed on 
Mars by CRISM (Carter et al., 2013) into four groups. Most (≥70%) 
of Martian smectitic clays are very Fe-rich (FeO/MgO > 10). Only 
22% of the smectite detections are relatively Mg-rich, trioctahedral 
clays. Therefore, compared to most known candidate igneous pro-
toliths, Martian smectites are enriched in Fe.
In summary, the results suggest that ancient Martian smec-
titic clay minerals formed under conditions that generally favored 
segregation of Fe from Mg, though we cannot rule out the pos-
sibility that the clay minerals were originally Fe2+-rich and sub-
sequently became oxidized through exposure to the atmosphere 
(Burns, 1993). The geologic settings likely included both surface 
and subsurface environments. Segregation of Fe into clay deposits 
might suggest a systematic link between the formation of Fe-rich 
clay minerals and Mg-rich carbonates and/or Mg-bearing chloride 
deposits on ancient Mars.
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